Swimming cyanobacteria do not have flagella. In principle, they could be propelled by streams of ions flowing from head to tail, i.e., by a self-electrophoretic mechanism. We have ruled out this possibility by showing that cells of a swimming Synechococcus species fail to drift in an external electric field. Waterbury et al. (15) discovered Synechococcus strains that swim through liquids at speeds up to 25 m/s. These are the only known cyanobacteria capable of swimming motility, although many filamentous species are capable of gliding on surfaces. Even more astounding, they possess neither flagella nor other external appendages that might explain their ability to swim. The search for external appendages has been exhaustive, including electron microscopy, both in thin section and with negative stain (16), and light microscopy, by high-intensity dark field (10) and video-enhanced differential interference contrast (4). Also, the cells remain motile after being subjected to shear forces (e.g., those generated by a Waring blender) far greater than those required to remove flagella from species such as Escherichia coli (15).
Swimming cyanobacteria do not have flagella. In principle, they could be propelled by streams of ions flowing from head to tail, i.e., by a self-electrophoretic mechanism. We have ruled out this possibility by showing that cells of a swimming Synechococcus species fail to drift in an external electric field.
Waterbury et al. (15) discovered Synechococcus strains that swim through liquids at speeds up to 25 m/s. These are the only known cyanobacteria capable of swimming motility, although many filamentous species are capable of gliding on surfaces. Even more astounding, they possess neither flagella nor other external appendages that might explain their ability to swim. The search for external appendages has been exhaustive, including electron microscopy, both in thin section and with negative stain (16) , and light microscopy, by high-intensity dark field (10) and video-enhanced differential interference contrast (4) . Also, the cells remain motile after being subjected to shear forces (e.g., those generated by a Waring blender) far greater than those required to remove flagella from species such as Escherichia coli (15) .
In the absence of external appendages, the cell body itself must generate thrust. Some years ago, Mitchell (11, 12) suggested a possible self-electrophoretic mechanism. If the surface of a cell carries fixed charge, that charge will be shielded by counterions in the external medium (Fig. 1) . If ions (not necessarily of the same kind) are pumped out of the cell at the head and taken in at the tail, an electric field will be set up in the external medium. This field will drive the layer of fluid containing the counterions (the excess charge) backwards over the cell surface. Thus, the cell will move forward, with the moving layer of fluid acting like the tread of a tank. This mechanism has been analyzed quantitatively by Lammert et al. (9) . Velocities on the order of 1 to 10 m/s are predicted for cells generating electric fields on the order of 0.1 to 1 mV/m. Self-electrophoretic mobility is expected to be strictly proportional to electrophoretic mobility, i.e., to the speed that cells will move in an externally applied electric field (9) . When such a field is applied across a glass chamber filled with water, flow generated by this mechanism is called electro-osmosis (e.g., see reference 6).
The main difficulty with an electrophoretic mechanism for Synechococcus and other marine organisms is that these cells live in a medium of high ionic strength, where a fixed charge is neutralized quite effectively. The fluid surrounding the cells is expected to be electrically neutral within only a few angstroms of the surface. If fluid within this range is held in place, say, by chains of uncharged carbohydrate, electrophoresis will not occur. In seawater, we have found this to be the case, both for a Synechococcus species and for E. coli. In a more dilute medium, E. coli has a substantial electrophoretic mobility, as expected.
Synechococcus strain WH8113 was grown to mid-exponential phase in seawater medium (SN medium [14] ) and diluted 10-fold with fresh medium prior to use. E. coli AW405 (1) was grown to mid-exponential phase in tryptone broth (1% tryptone [Difco], 0.5% NaCl), harvested by centrifugation, and resuspended in an equal volume of motility medium (10 mM potassium phosphate [pH 7], 0.1 mM EDTA). These cells were stored at 4ЊC until needed, typically for 0.5 to 2 h (3), and then diluted 10-fold in fresh motility medium prior to use. The uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP; 20 M; Sigma) was added to all cultures just prior to measurement of electrophoretic mobility, to block cell motility. This agent does not change the electrophoretic mobility (2). Uncharged polystyrene latex spheres (1.03-m diameter, 2.5% solids; Polysciences) were added at a dilution of 10 Ϫ3 as an indicator of convection and electro-osmotic flow. Conductivities of the media were determined in a 1-cm 3 cell (CDH70; Omega Engineering).
Measurements of mobility were made by video phase-contrast microscopy in the chamber shown in Fig. 2 . Electroosmosis was blocked by covalently linking methylcellulose to the glass slide and coverslip (7) . The long unbranched chains of this electrically neutral carbohydrate prevent the motion of fluid close to the surface. The glass was cleaned briefly in saturated ethanolic KOH, rinsed with water, silanized for 1 to 2 min in 2% (3-glycidoxypropyl)-trimethoxysilane (United Chemical Technologies) in 80% methanol (acidified with glacial acetic acid), and dried at 60ЊC for about 30 min. Next the glass and coverslip were soaked in a 1% solution of methylcellulose (4,000 cP; Fisher) for 1 to 2 min and dried at 60ЊC for about 30 min (13) .
Distance was calibrated with an objective micrometer, and a time-date generator imprinted the time to a precision of 10 Ϫ2 s. An event marker indicated the polarity of the electric field. The field was Ϯ5 V/cm (with the potential drop measured directly across the sample chamber with silver-silver-chloride electrodes); in SN medium, the current was about 2 mA. Higher field strengths (Ͼ7.5 V/cm) generated excessive bulk flow. The polarity was changed every few seconds, so that cells remained in view for many cycles. Cell displacements were measured by hand with a ruler during frame-by-frame playback. Data were collected only from those segments of the tape in which a cell or cells were visible and in focus along with one or more latex spheres. If bulk flow was small, the speed of the sphere was subtracted from the speed of the cells. If it was large, the data were discarded.
Sample video frames are shown in Fig. 3 . The images of polystyrene spheres (light arrows) remained approximately stationary, while images of E. coli (dark arrows) drifted to the right. Distributions of drift rates for different trials for both Synechococcus cells and E. coli are shown in Fig. 4 . In seawater medium, the electrophoretic mobilities were essentially zero. In motility medium, cells of E. coli moved over a range of mobilities, but at a mean rate comparable to published data (2, 5) . Since E. coli AW405 has pili and flagella of variable number, this dispersion is not unexpected. The Synechococcus strain was not studied in a medium of low ionic strength, because exposure to such a medium clearly damaged the cell surface, changing its morphology and irreversibly blocking motility.
Given the electrophoretic mobility found for E. coli in motility medium (about Ϫ2.4 m/s per V/cm [ Fig. 4c]) , it would be possible for this cell to swim by a self-electrophoretic mechanism at, say, 10 m/s, were it to generate fields on the order of 0.6 mV/m (9). However, given the conductivity for motility medium of about 2.1 mS/cm, this would require current densities on the order of 10 mA/cm 2 , a value larger than any produced by other cells (8) . A much higher current density would be required in SN medium, which has a conductivity of about 37 mS/cm, some 17.5 times larger. So, given the small electrophoretic mobilities actually found in SN medium ( Fig.  4a and b) , the likelihood that E. coli or Synechococcus cells swim by a self-electrophoretic mechanism is remote. The reason that E. coli moves in motility medium (Fig. 4c) but not in SN medium (Fig. 4b) when subjected to the same electric field is that shielding is more efficient at higher ionic strength; presumably, the counterions become embedded in carbohydrate, making the cell electrically neutral. We do not know whether this happens in a Synechococcus cell or whether this cell simply on September 7, 2017 by guest http://jb.asm.org/ has a much lower surface charge. In any event, self-electrophoresis is not a possible mechanism for motility in this species. For a cell the size of a Synechococcus cell, viscous forces are vastly more important than inertial forces-the Reynolds number is about 10
Ϫ5
-so jet propulsion will not work; the cell would have to eject a volume of fluid comparable to its own volume to move one body length. The only viable alternative appears to be mechanical deformation or movement of the cell surface. Since changes in cell shape are not visible by eye, even at high magnification, surface flow appears the more likely alternative. But how cells can generate such flow at speeds of many micrometers per second remains a mystery.
